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Femtosecond infrared spectroscopy was used to study the excited-state dynamics of Re(CO)3Cl(dcbpy) in
DMF solution and on the surface of ZrO2 and TiO2 nanocrystalline thin films. For Re(CO)3Cl(dcbpy) in
DMF solution, we observed a long-lived3MLCT state with a lifetime of>1 ns. The frequencies for the CO
stretching bands were blue-shifted compared to those in the ground state, consistent with the metal-to-ligand
charge-transfer nature of the excited state. Rapid spectral evolution of the excited-state CO stretching bands
was observed within the first 12 ps. For Re(CO)3Cl(dcbpy) on ZrO2 thin films, a similar3MLCT state was
observed. However, the spectral blue shift was much less pronounced and occurred on a faster time scale.
We suggest that vibrational relaxation is the primary contribution to the spectral evolution of Re(CO)3Cl-
(dcbpy) on the ZrO2 film, whereas both vibrational relaxation and solvation of the MLCT state contribute to
the spectral evolution in DMF solution. The excited-state decay rate of Re(CO)3Cl(dcbpy) on ZrO2 films was
faster than the rate in DMF and increased with higher excitation power. The faster excited-state decay is
attributed to the occurrence of an excited-state quenching process between neighboring excited molecules on
the film. For Re(CO)3Cl(dcbpy)-sensitized TiO2 thin films, broad mid-IR absorption of injected electrons
was observed. The rise time of the electron absorption signal in TiO2 was found to be less than 100 fs. In
addition, the adsorbate CO stretching bands were also observed. We discuss the detailed information about
the electron-injection process that can be obtained from the adsorbate vibrational spectra.

1. Introduction

Interfacial electron transfer (ET) between semiconductor
nanoparticles and molecular adsorbates has been a subject of
intense research interest in recent years.1-4 This fundamental
process is directly related to the application of semiconductor
nanomaterials to photography,5 solar energy conversion,6 and
photocatalysis.7 Since the report by Graetzel’s group that solar
cells based on nanocrystalline TiO2 thin films sensitized by Ru-
(dcbpy)2(NCS)2 (dcbpy) 4,4′-dicarboxy-2,2′-bipyridine) (re-
ferred to as RuN3) can achieve a solar-to-electric power
conversion efficiency of about 10%,8,9 the electron-injection and
recombination properties of Ru-dye-sensitized semiconductor
nanoparticles have been studied by many groups.10-26 Many
recent studies of RuN3 and related dyes on the TiO2 surface
have reported ultrafast electron injection from the excited state
of the dye to TiO2 on the 100-fs or faster time scale.11-15,17,27,28

Back ET from TiO2 to RuN3 was determined to be in the
millisecond to microsecond time scale.17,29 The fast electron
injection and slow back-ET time ensure a large incident-photon-
to-current conversion efficiency.

The detailed mechanism of the fast electron-injection process
is still unclear. The reported ultrafast electron injection from
RuN3 to TiO2 occurs on a time scale that is the same as or
faster than that of vibrational and electronic relaxation in the
excited state. Whether electron injection occurs from a vibra-
tionally hot state has not been unambiguously determined,
although the<100-fs injection time is very suggestive of that
possibility. Our recent study of a series of Ru dyes, Ru-
(dcbpy)2X2 where X ) NCS, CN, Cl, or dcbpy,30 found that

the apparent electron-injection rates in this series of dyes were
similar, but that the electron-injection quantum yields were
different. These sensitizers, which share common carboxylic
acid groups anchoring them to the nanoparticle surface, should
exhibit very similar electronic coupling to TiO2. The main
differences among these dyes are the relative redox potentials
of their excited states. This result may suggest that there is a
competition between the electron-injection and vibrational- or
electronic-relaxation pathways and that the branching ratio
between them may determine the overall injection quantum
yield. To gain a more detailed understanding of the ultrafast
electron-injection step, we need to directly assess both the
electron-injection and the excited-state-relaxation pathways.

Transient mid-IR spectroscopy has been used to study electron
transfer in sensitized nanoparticles.10-13,31-33 We recently
demonstrated that this technique can simultaneously probe both
the injected electrons in TiO2 and the vibrational spectra of the
adsorbate.32 Injected electrons in TiO2 nanoparticles were shown
to have a very broad absorption in the 4-6 µm region.10-13,31-33

We have also observed a similar broad mid-IR absorption of
electrons in other semiconductor nanoparticles, such as ZnO33

and CdS. Although the full spectrum and exact origin of the
transitions of the broad electron absorption have not been fully
examined in nanoparticles, they are well understood in bulk34,35

and quantum-well36 semiconductor materials. This absorption
consists of free carrier absorption,37 which is often broad and
which increases with wavelength, intraband transitions37 between
different valleys (or subbands) within the conduction band, and
absorptions of trap states. Because the IR absorption of electrons
is direct evidence for the arrival of electrons inside semiconduc-
tor nanoparticles, it provides an unambiguous spectroscopic* To whom correspondence should be addressed. E-mail: tlian@emory.edu.
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probe for the study of interfacial electron transfer between a
semiconductor and its adsorbates.

We and other groups have recently studied electron-transfer
dynamics in RuN3 and related dye-sensitized TiO2 thin films
using femtosecond mid-IR spectroscopy.11-13 We directly
determined the electron-injection time by monitoring the broad
mid-IR absorption of injected electrons in TiO2. However, the
IR absorption cross section of electrons is much larger than that
of the adsorbate vibrational bands. As a result, we were not
able to simultaneously obtain the transient IR spectrum of the
SCN stretching mode. In an effort to obtain more insight into
the electron-injection process, an alternative sensitizer with
strong adsorbate vibrational bands but similar structure is
needed. Re(CO)3Cl(dcbpy) (dcbpy) 4,4′-dicarboxy-2,2′-bipy-
ridine) (referred to as ReCO from this point on) appears to be
a good candidate. In a manner similar to that in RuN3-sensitized
TiO2,12 the optical absorption in the Re complex is dominated
by a Re-to-dcbpy metal-to-ligand charge-transfer (MLCT) band.
In the MLCT state, electron injection to TiO2 may occur through
the π* orbital of the dcbpy ligand. In this system, there are
three strong CO stretching bands that can be used as a probe of
the adsorbate dynamics. In this paper, we will report our recent
transient IR study of Re(CO)3Cl(dcbpy) in solution and on the
surface of ZrO2 and TiO2 nanocrystalline thin films.

2. Experimental Section

Femtosecond IR Spectrometer.The femtosecond IR spec-
trometer used in these experiments is based on an amplified
femtosecond Ti:sapphire laser system from Clark-MXR (1-kHz
repetition rate at 800 nm, 100-fs pulse width, 900µJ/pulse).
Nonlinear frequency-mixing techniques are used to generate
mid-infrared probe pulses and UV pump pulses, the details of
which have been described elsewhere.32 Briefly, the 800-nm
output is split into two beams at 500 and 400µJ/pulse. The
500-µJ/pulse beam is used to pump an optical parametric
amplifier to generate two near-infrared pulses at about 1.5 and
1.9 µm. These two pulses are then mixed in a AgGaS2 crystal
to generate mid-infrared light at about a 5-µm wavelength. The
mid-infrared probe pulse has a bandwidth greater than 200 cm-1

and is dispersed into an imaging spectrograph, where it is
imaged onto an infrared HgCdTe(MCT) array detector and
digitized by a scheme described below. The other, 400-µJ/pulse
fundamental beam is attenuated with a variable neutral density
filter and frequency doubled in a BBO crystal to make 400-nm
pulses.

In all of the experiments presented here, a moving solution
or film sample was pumped at 5µJ of 400-nm light, unless
otherwise noted, and the subsequent absorbance change was
measured in the 1820-2200 cm-1 region. The diameters of the
pump and probe beams were 400 and 300µm, respectively.
The instrument response function, that is, the cross correlation
of the pump and probe pulses, was measured in a thin silicon
wafer, in which 400-nm excitation led to the instantaneous
generation of free carriers that absorbed strongly in the mid-
infrared region. The typical instrument response was well
represented by a Gaussian function with a full width at half-
maximum (fwhm) of less than 200 fs.

Infrared MCT Array Detector. The infrared MCT array
detector used to detect the dispersed mid-infrared probe was
obtained from EG&G Optoelectronics. The array consists of
32 0.5-mm-wide by 1-mm-tall HgCdTe elements arrayed
horizontally with 25-µm spacing between each element. The
detector output was amplified by a matching 32-channel ampli-
fier, also obtained from EG&G Optoelectronics. The 32 ampli-

fier output channels were captured by four 8-channel simulta-
neous sample-and-hold devices (Keithley model SSH8-FG) that
were synchronized by and linked to an analog-to-digital con-
verter card (Keithley model DAS 1801HC). The simultaneous
sample-and-hold devices acquired all 32 amplifier output chan-
nels within a 2-ns window. A personal computer (Dell, 400-
MHz Pentium II Processor) was used to collect and process the
output from the analog-to-digital converter for every laser shot
at a 1-kHz repetition rate. Differential absorbance measurements
were calculated with adjacent pulses by blocking every other
pump pulse with a synchronized optical chopper. Each element
of the array averaged a 5-cm-1 slice of the infrared spectrum,
so that the total spectral region covered by the array was about
160 cm-1.

Sample Preparations.The TiO2 nanoparticle thin films were
prepared by a method similar to that used by Zaban and co-
workers.21 Briefly, the TiO2 nanoparticle colloid was prepared
by the controlled hydrolysis of titanium(IV) isopropoxide in a
mixture of glacial acetic acid and water at 0°C. The resulting
solution was heated to 80°C for 8 h and then autoclaved at
230°C for 12 h. The resulting colloid was concentrated to 150
g/L, spread onto polished sapphire windows, and baked at 400
°C for 36 min. The ZrO2 nanocrystalline thin films were
prepared by a previously described method,8 using ZrO2

nanoparticles obtained from Degussa Corporation.
The synthesis of the complex Re(CO)3Cl(dcbpy) (dcbpy)

4,4′-dicarboxy-2,2′-bipyridine) will be described in detail
elsewhere.38 The solution sample in dimethylformamide (DMF)
was prepared by dissolving ReCO to a concentration of 1.8 mM.
The solution was stable for several days in the dark. The solution
sample cell had a path length of 250µm. The ZrO2 and TiO2

film samples were prepared by soaking the films in a solution
of 1.8 mM ReCO in DMF for 10 h. The thin-film and solution
samples were scanned rapidly during measurements to prevent
any long-term photoproduct buildup.

3. Results

ReCO in DMF. The transient absorption spectra of ReCO
in DMF solution are shown in panels a and b of Figure 1. Figure
1a shows the transient spectra at 1.5, 12, 96, and 831 ps after
400-nm excitation. The three bleach peaks at 1899, 1914, and
2019 cm-1 correspond to the three CO stretching bands in the
static FTIR spectrum of ReCO in DMF, shown as the thin dotted
line in Figure 1a. The excited-state absorption peaks fully
develop at 1959, 1998, and 2073 cm-1 after 12 ps. Before this
time, rapid spectral evolution occurs. Figure 1b shows transient
absorption spectra of ReCO in DMF at 1, 2, 4, 7, and 12 ps.
The bleach features have been cropped in this figure to highlight
the spectral evolution of the excited-state CO absorption bands.
The spectral evolution can most clearly be seen around the CO
stretching band at 2073 cm-1.

Panels a and b of Figure 2 show the transient bleach-recovery
and absorption-decay kinetics of the ground-state bleach at 1899
cm-1 and the excited-state absorption at 2073 cm-1, respectively.
The traces have been normalized to unit signal magnitude. The
ground-state bleach recovery at 1899 cm-1, shown in Figure
2a, was fit to a single-exponential recovery having a lifetime
of approximately 2 ns. The lifetime could not be determined
accurately because of the limited delay time (<1 ns). The
excited-state absorption decay at 2073 cm-1, shown in Figure
2b, was also fit to a single-exponential decay having a lifetime
of about 10 ns. The formation kinetics of the absorption band
at 2073 cm-1 are shown as open circles in Figure 4. It is well
fit by an exponential rise function with a 4-ps time constant,
shown by the solid line in Figure 4.
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ReCO on a ZrO2 Film. The ReCO complex was adsorbed
onto the surface of a ZrO2 nanocrystalline thin film to investigate
its photophysics on a dry, noninjecting substrate surface. The
transient absorption spectra collected 1.5, 12, 96, and 831 ps
after 400 nm excitation are shown in Figure 3a. Shown in Figure
3b is the early-time spectral evolution. In this figure, the ground-
state bleach peaks have been cropped to focus on the excited-
state absorption dynamics. As shown in Figure 3a, the three
bleach peaks at 1917, 1944, and 2044 cm-1 correspond to the
ground-state CO stretching bands of ReCO on ZrO2 thin films,
which are indicated in the static FTIR spectrum. Like ReCO in
DMF, the excited-state CO stretching frequencies of ReCO on
the ZrO2 film, centered at∼1990 and 2069 cm-1, are blue-
shifted relative to the ground-state peaks. The two low-frequency
excited-state CO absorption peaks are not well separated in the
transient spectra. Instead, there appears only a single broad peak
centered at 1990 cm-1, which probably consists of the two
overlapping CO stretching bands of the excited state. The high-
frequency CO stretching band at 2069 cm-1 is clearly resolved
in Figure 3a. As shown in Figure 3b, there appears to be much
less of a spectral shift in the CO stretching frequency at early
times compared to that of the complex in DMF. The formation
time of the excited-state peak at 2069 cm-1, which reflects the
rate of the spectral shift, is shown by the solid circles in Figure

4. The rise time is roughly described by a single-exponential
rise function with a 1.7-ps time constant.

To investigate the extent of excited-state quenching of the
ReCO complex on the ZrO2 nanocrystalline thin film, we
measured the transient bleach-recovery and absorption-decay
kinetics at three different pump energies, namely, 10, 5, and 2
µJ. The signal magnitudes scaled linearly with the pump energy,
which is consistent with a single-photon process. Also, the
bleach-recovery kinetics at all three bleach wavelengths for a
given pump energy were the same within the limit of the noise.
However, the bleach recovery was faster at the higher pump
energy. The same was true for absorption-decay traces collected
at around 1990 and 2069 cm-1, the two excited-state absorption
features. Panels a and b of Figure 5 shows the bleach-recovery
kinetics at 2044 cm-1 and the absorption decay kinetics at 2069
cm-1 at the three pump energies. These frequencies were chosen
because the signal-to-noise ratio of the kinetics was best. The
bleach-recovery and absorption-decay kinetics were normalized
to facilitate comparison and fit to single-exponential functions.
As discussed later, the excited-state quenching process may be
a bimolecular process, so the complete quenching kinetics cannot
be well described by a single-exponential decay function.
However, our data are limited to the<1-ns time range. In this
limited time range and within the noise of the data, single-
exponential fitting provides a convenient number for quantita-
tively comparing the quenching kinetics. The lifetimes of the
single-exponential fits to the bleach-recovery kinetics shown

Figure 1. (a) Transient IR difference spectra of ReCO in DMF at 1.5
(thick solid line), 12 (thick dotted line), 96 (thick dashed line), and
831 ps (thin solid line) after 400-nm excitation. The FTIR spectrum of
ReCO in DMF is shown as the thin dotted line. (b) Transient IR
difference spectra of ReCO in DMF at 1 (thick solid line), 2 (thick
dotted line), 4 (thick dashed line), 7 (thin solid line), and 12 ps (thin
dotted line) after 400-nm excitation.

Figure 2. Normalized kinetics traces of ReCO in DMF measured at
the peaks of the low-frequency bleach and high-frequency absorption
(a) at 1899 cm-1 fit with a ∼2-ns single-exponential recovery and (b)
at 2073 cm-1 fit with a ∼10-ns single-exponential decay.
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in Figure 5a are 1.5, 4, and 7 ns for the 10-, 5-, and 2-µJ traces,
respectively. The lifetimes of the single-exponential fits to the
absorption-decay kinetics shown in Figure 5b are also 1.5, 4,

and 7 ns for the 10-, 5-, and 2-µJ traces, respectively. Because
of the long lifetime and small signal size, the exponential time
constant for the data at the 2- and 5-µJ excitation powers is not
accurately determined. Qualitatively, their lifetimes are longer
than that at the 10-µJ excitation energy.

ReCO on a TiO2 Film. Figure 6 shows the transient
absorption spectra of the ReCO complex adsorbed onto the
surface of a TiO2 nanocrystalline thin film at 0.2-2 ps (solid
line) and 500-1000 ps (dashed line) after 400-nm excitation.
These spectra are focused on the region corresponding to the
highest-frequency CO stretching mode. The spectra consist of
a broad absorption that covers the entire spectral region
interrogated by the probe, a pronounced bleach at 2040 cm-1

of the ground-state absorption of ReCO, and the corresponding
excited-state absorption at 2070 cm-1. The magnitude of the
broad absorption is indicated by the flat thin dotted lines. In
addition, there is also a small peak at around 2095 cm-1. The
static FTIR spectrum of ReCO on the nanocrystalline TiO2 film
is shown as the thin solid line in Figure 6. In addition, the
transient absorption spectrum of ReCO on the ZrO2 film at 831
ps has been included as the dotted line to facilitate assignment
of the bands.

The rise time of the broad absorption was investigated at
several wavelengths at higher frequency than the ground- and

Figure 3. (a) Transient IR difference spectra of ReCO on a ZrO2

nanocrystalline thin film at 1.5 (thick solid line), 12 (thick dotted line),
96 (thick dashed line), and 831 ps (thin solid line) after 400-nm
excitation. The FTIR spectrum of ReCO on a ZrO2 film is shown as
the thin dotted line. (b) Transient IR difference spectra of ReCO on a
ZrO2 film at 1 (thick solid line), 2 (thick dotted line), 4 (thick dashed
line), 7 (thin solid line), and 12 ps (thin dotted line) after 400-nm
excitation.

Figure 4. Comparison of the excited-state formation kinetics measured
at 2069 cm-1 (solid circles) for ReCO on ZrO2 and at 2073 cm-1 (open
circles) for ReCO in DMF. Single-exponential fits (solid lines) of the
data yield rise time constants of 1.7 ps on ZrO2 and 4 ps in DMF
solution.

Figure 5. Comparison of the normalized kinetics traces of ReCO on
a ZrO2 nanocrystalline thin film measured at the high-frequency bleach
and absorption peaks at 10- (solid circles), 5- (open circles), and 2-µJ
(solid triangles) excitation energy. Panel (a) shows traces at 2044 cm-1

with single-exponential fits of the 10-, 5-, and 2-µJ traces having
lifetimes of∼1.5 (solid line),∼4 (dashed line), and∼7 ns (dotted line),
respectively. Panel (b) shows traces at 2069 cm-1 with single-
exponential fits of the 10-, 5-, and 2-µJ traces having the same respective
lifetimes.
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excited-state absorptions. The dynamics of the broad absorption
were the same within the limit of the noise across all probed
frequencies on the blue side of the vibrational features of ReCO.
Figure 7a shows a comparison of the transient signals at 2115
cm-1 from the TiO2 film sensitized with ReCO (solid line) with
the transient signals from the complex on a ZrO2 film (dotted
line) and from a naked TiO2 film (dashed line) under the same
excitation power. The rise time of the broad absorption at 2115
cm-1 is compared in Figure 7b with the instrument response
function collected in a thin silicon wafer (dotted line), represent-
ing an instantaneous rise, and a 100-fs exponential rise
convolved with the instrument response function (dashed line).

Figure 8a shows the decay of the broad absorption represented
by the trace at 2115 cm-1 (solid triangles) compared with the
traces at 2040 cm-1 (solid circles) and 2070 cm-1 (open circles),
which correspond to the peaks of the ground- and excited-state
absorptions, respectively, of the high-frequency CO stretching
band. The decay traces were fit with two or three exponential
components. The decay components for the three traces with
relative amplitudes in parentheses are 10 ps (15%), 100 ps
(35%), and.1 ns (50%) for the trace at 2115 cm-1; 5 ps (27%),
100 ps (12%), and.1 ns (61%) for the trace at 2040 cm-1;
and 100 ps (29%) and>1 ns (71%) for the trace at 2070 cm-1.
The signal at 2040 cm-1 results from the superposition of the
ground-state bleach on top of the broad absorption, and the
signal at 2070 cm-1 results from the superposition of the excited-
state absorption on top of the broad absorption. To separate the
CO stretching signal from the broad absorption of electrons,
we subtracted the trace at 2115 cm-1 (representing the broad
absorption) from the trace at 2040 and 2070 cm-1. The
subtracted kinetics, shown in Figure 8b, represent the CO bleach-
recovery dynamics at 2040 cm-1 (solid circles) and the excited-
state decay dynamics at 2070 cm-1 (open circles) of the ReCO
complex on the TiO2 film. The trace has been fit to single- and
biexponential functions having the following lifetimes with
relative amplitudes in parentheses: 100 ps (23%) and.1 ns
(77%) at 2040 cm-1 and∼2 ns (100%) at 2070 cm-1.

4. Discussion

ReCO in DMF Solution. The primary features in the
transient absorption spectra of the ReCO complex in DMF after
12 ps, shown in Figure 1a, are the three ground-state bleach
peaks at 1899, 1914, and 2019 cm-1 and the corresponding three

excited-state absorption peaks at 1959, 1998, and 2073 cm-1.
The excited-state absorption bands are blue-shifted by 50-80
cm-1 relative to the ground-state absorption. The primary optical
transition excited at 400 nm is a d-to-π* MLCT transition from
the Re(I) metal center to theπ* orbital of the dcbpy ligand.39,40

This transition effectively oxidizes the Re(I) metal center to
Re(II), which reduces the electron density on the metal center.
This reduction in the electron density diminishes the metal
center’s ability to undergoπ back-bonding to the COπ* orbital,
which reduces the electron density of this orbital and increases
the vibrational frequency.41-43 A blue shift of the CO stretching
frequencies in a similar complex, Re(CO)3Cl(bpy) (bpy) 2,2′-
bipyridine) in acetonitrile, has been observed by Clark and co-
workers.41,44They observed 50-80 cm-1 blue shifts in the CO
stretching peaks in the lowest3MLCT excited state compared
to those in the ground state. Similar blue shifts were also
observed in the complex Re(CO)3Cl(4,4′-bipyridine)2.42,43

These excited-state peaks appear to blue shift to their final
positions in<12 ps, as illustrated in Figure 1b. The rise time
of the peak at 2073 cm-1 can be described by a single-
exponential rise time of about 4 ps, shown in Figure 4. There
are at least two possible reasons for the early-time spectral
evolution of ReCO in DMF. Both vibrational relaxation in and
solvation of the MLCT state can lead to this spectral evolution.

Figure 6. Transient IR difference spectra of ReCO on a TiO2

nanocrystalline thin film at 0.2-2 ps (solid line) and 500-1000 ps
(dashed line) after 400-nm excitation. The FTIR spectrum is shown as
the thin solid line. The 831-ps difference spectrum of ReCO on a ZrO2

nanocrystalline thin film is shown as the dotted dashed line.

Figure 7. (a) Comparison of signals in nanocrystalline thin films of
ReCO on TiO2 (solid line), ReCO on ZrO2 (dotted line), and naked
TiO2 (dashed line) probed at 2115 cm-1 after 400-nm excitation. (b)
Comparison of the normalized signal rise time in ReCO on a TiO2

film probed at 2115 cm-1 (solid circles) with the instrument response
function measured in a thin silicon wafer (dotted line) and a 100-fs
exponential rise convolved with the instrument response function
(dashed line).
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Optical excitation at 400 nm excites the molecule to a level
that is about 10 000 cm-1 higher in energy than the lowest
vibrational level of the relaxed long-lived3MLCT state. Highly
vibrationally excited molecules often show broadened CO
stretching bands because of anharmonic coupling with highly
excited low-frequency modes. Cooling of the excess vibrational
energy often leads to the narrowing and blue shifting of the
CO stretching bands.45-49 The possible contribution of solvation
dynamics to the spectral evolution will be discussed in the
following section, where it is compared to the spectral evolution
of ReCO on the ZrO2 film.

The bleach-recovery and absorption-decay dynamics at dif-
ferent peaks are frequency-dependent at early times because of
the evolution of the excited-state absorption bands and their
overlap with the ground-state bleach.46 We selected the bleach
at 1899 cm-1, the peak of the lowest-frequency band shown in
Figure 2a, to monitor the ground-state bleach recovery because,
at this frequency, the bleach appears to have negligible overlap
with the excited-state absorption bands. We chose the excited-
state absorption at 2073 cm-1, the peak of the highest-frequency
band shown in Figure 2b, to describe the excited-state dynamics.
The excited-state decay was fit to a single-exponential function
having a lifetime of 10 ns. This lifetime is consistent with a
15-ns fluorescence lifetime observed in a similar complex in
2-methyltetrahydrofuran.39 There appears to be a larger mag-

nitude of the ground-state bleach recovery than of the excited-
state absorption decay of the traces shown in panels a and b of
Figure 2. However, the trend is not the same for different bands.
We attribute the different kinetics to the different amount of
spectral overlap with excited-state absorptions at early times
and to the noise and limited time delay of the data.

ReCO on a ZrO2 Film. The transient absorption spectra of
the ReCO complex adsorbed to the surface of a ZrO2 nano-
crystalline thin film, shown in panels a and b of Figure 3, share
many similar features with the transient absorption spectra of
ReCO in DMF. There are three prominent ground-state bleach
peaks at 1917, 1944, and 2044 cm-1. Just as for ReCO in DMF,
the excited-state absorptions of the complex on the ZrO2 film
around 1990 cm-1 and at 2069 cm-1 are also blue-shifted
relative to their corresponding ground-state absorptions. How-
ever, there are a few major differences to point out between
these two sets of transient spectra of ReCO in different
environments. For ReCO on the ZrO2 film, (1) the magnitudes
of the spectral blue shifts in the excited state are smaller, (2)
the rate of excited-state spectral evolution appears to be faster,
and (3) the lifetime of the excited state is shorter.

Magnitudes of the CO Stretching Frequency Shifts.The
ground-state CO stretching frequencies for ReCO on ZrO2 are
higher than those for ReCO in DMF because of the different
solvent environments. This red shift of the CO stretching
frequency in solvent relative to that in gas phase has been
observed for most metal carbonyls. More interestingly, the
magnitudes of the blue shifts of the CO stretching frequency in
the excited state relative to that in the ground state are much
smaller for ReCO on the ZrO2 film than those for ReCO in
DMF solution. For example, the well-separated high-frequency
mode of ReCO on ZrO2 is shifted by about 25 cm-1 to the final
position of 2069 cm-1 in the excited state, which is much smaller
than the corresponding shift of about 54 cm-1 for ReCO in
DMF. The difference between the blue shifts of the CO
stretching frequencies on the ZrO2 film and in DMF solution
might result from the different solvent environments because
the ZrO2 film essentially has no solvent. A similar phenomenon
was observed when Re(CO)3Cl(bpy) (bpy ) 2,2′-bipyridine)
was studied in fluid solution and in a glass matrix by Clark et
al.44 They observed a smaller blue shift of the excited-state peaks
in the matrix and attributed it to the lack of solvation of the
MLCT state in the matrix environment. Our results are consistent
with their observation. DMF has a strong dipole for stabilizing
the charge-transfer excited state, whereas the ZrO2 film has no
solvent. Thus, the excited state of ReCO in ZrO2 is not fully
solvated and has less of a blue shift in the CO stretching
frequency.

Dynamics of the Spectral Shift.Another difference between
the transient spectra of ReCO on the ZrO2 film compared to
those of ReCO in the DMF solution is the rate of spectral
evolution observed at the early times. As shown in Figures 1b,
3b, and 4, the high-frequency peak appears to reach its final
position much faster on the ZrO2 thin film than in DMF solution.
The source of the difference in the spectral evolution of the
transient absorption spectra of ReCO can come from two
effects: (1) The bands of ReCO on the ZrO2 film are much
broader than those of ReCO in DMF, which will tend to obscure
any spectral changes. (2) There is no solvent in the ZrO2 film,
so that solvation dynamics cannot affect the excited-state
absorption spectrum. A Gaussian fit of the high-frequency
ground-state bleaches of ReCO on the ZrO2 film and in DMF
shows that the bleach peak is about 4 times broader on ZrO2.
The broadened line shapes observed on the ZrO2 film are

Figure 8. (a) Decay kinetics of transient IR signals measured in ReCO
on a TiO2 nanocrystalline thin film at 2040 (solid circles), 2070 (open
circles), and 2115 cm-1 (solid triangle). (b) Bleach-recovery kinetics
at 2040 cm-1 (solid circles) and excited-state decay at 2070 cm-1 (open
circles) are obtained by subtracting the kinetics at 2115 cm-1 from the
kinetics at these frequencies.
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attributed to an inhomogeneous distribution of binding sites on
the film. It is reasonable to assume that ReCO on ZrO2 films
would have excess vibrational energy and a redistribution rate
similar to those of ReCO in DMF as a result of 400-nm
excitation. Therefore, any differences in the spectral evolution
that do not result from the broader line shapes of the peaks for
ReCO on the ZrO2 film probably result from solvation dynamics
that occur only in the DMF solution. The components of the
solvation time in DMF have been measured to be about 0.82
and 4.72 ps by Chang et al.50 and 0.40 (55%) and 2.5 ps (45%)
by Barbara et al.51 The slow component of this solvation time
is similar to the 4-ps formation time of the absorption at 2073
cm-1, shown as in Figure 4. An ongoing solvent-dependence
study should help to test the validity of this assignment and to
quantify the extent of the spectral shift caused by solvation.

Excited-State Quenching Dynamics.Two additional differ-
ences between the ReCO complex adsorbed on the surface of
a ZrO2 nanocrystalline thin film and ReCO in DMF are the
bleach-recovery and absorption decay rates. The difference
between the excited-state decay rates of ReCO in the two
environments can clearly be seen in the decay of the high-
frequency absorption peaks in Figures 1a and 3a. The shorter
excited-state lifetime of ReCO on the ZrO2 film may result from
the quenching of excited molecules by each other because of
the proximity of the molecules on the ZrO2 film surface.52 This
proximity allows energy transfer to occur between neighboring
molecules. If energy transfer occurred between a molecule in
its excited state and a molecule in its ground state, thereby
exciting the second molecule and relaxing the first, then the
energy would have effectively moved to a new position but no
excited-state population would have been lost. We cannot
observe this type of energy transfer as our absorbance measure-
ments are sensitive to only the concentrations of the ground
and excited states, which would remain unchanged in the above
energy-transfer process. However, if quenching between excited
molecules occurred, then the excited-state decay rate would
change as a function of the concentration of the excited state.
Therefore, a pump-power dependence would be observed. Two
commonly considered bimolecular excited-state quenching
processes are given by eqs 1 and 2.53

Only the 3M* excited states are considered to be reactants in
the bimolecular quenching reaction because the intersystem
crossing rate is thought to be very fast in similar transition-
metal complexes.54-56 In eq 1, a singlet excited state of the
molecule is re-formed from two triplet excited states. The newly
formed singlet excited state quickly relaxes to the triplet state,
resulting in the quenching of one of the triplet excited states.
In eq 2, a higher-lying triplet excited state is formed. This state
quickly relaxes to the lowest-lying triplet state and, again, results
in the quenching of one of the triplet excited states.

To investigate whether this type of bimolecular excited-state
quenching occurred among ReCO molecules on the ZrO2 film
surface, we measured the excited-state decay and bleach-
recovery kinetics at three different pump energies. As shown
in panels a and b of Figure 5, the lifetimes of the single-
exponential fits to the bleach-recovery traces at 2044 cm-1 and
the absorption-decay traces at 2069 cm-1 are 1.5, 4, and 7 ns
for excitation energies of 10, 5, and 2µJ, respectively. The
general trend is that the 2- and 5-µJ traces show similar
dynamics within the limit of the noise, whereas the 10-µJ

traces at both frequencies show significantly faster excited-state
decay and bleach recovery. Although the data are too noisy to
extract any quantitative information about the decay rates, it is
clear that the excited state was quenched faster at the 10-µJ
pump energy than at the lower pump energies. We therefore
conclude that the observed pump-energy-dependent decay is
consistent with a bimolecular excited-state quenching process
between ReCO molecules adsorbed to the surface of the ZrO2

film.
In a recent study of RuN3-sensitized ZnO nanocrystalline thin

films,33 we suggested that excited-state quenching competed
with electron injection from the3MLCT state of RuN3 to ZnO.
We observed a decrease in the magnitude of the injected-electron
absorption signal in films with higher surface concentrations
of RuN3 under the same excitation energy. Because the electron
injection occurred on the 100-ps time scale in this system, we
reasoned that the decrease in the magnitude of the electron
absorption signal at higher surface concentrations resulted from
quenching of excited states that were close together, presumably
in the same aggregate. The results of the ReCO on ZrO2 study
provide direct evidence for this type of quenching of photoex-
cited sensitizer molecules on the surface of nanocrystalline thin
films on the<1-ns time scale. Excited-state quenching on longer
time scales has been observed by several groups in many
systems over the years.52,57,58 Excited-state quenching was
observed by Ghosh and Bard57 in a study of Ru(bpy)32+ in
colloidal clay suspensions. They found that the emission lifetime
of the complex varied with the excitation intensity, and they
attributed this dependence to bimolecular excited-state quench-
ing. Also, Kamat and co-workers have found surface-coverage
and excitation-intensity dependencies in energy transfer between
molecules on surfaces.52,58

ReCO on a TiO2 Film. Electron Injection.The transient
absorption spectra of the ReCO complex on a TiO2 nanocrys-
talline thin film, shown in Figure 6, consist of the vibrational
features of the complex superimposed onto a broad absorption,
indicated by the thin dotted lines. The rise time and signal
magnitude of the broad absorption are the same within the limit
of the noise from 2100 to 2200 cm-1 (result not shown), a
frequency region devoid of the complex’s vibrational features.
We have observed this type of broad transient absorption signal
of injected electrons in several systems in which electron transfer
occurs from the adsorbate to TiO2.10-12,31,32Therefore, the broad
absorption in Figure 6 is evidence that electrons were injected
into the TiO2 film from the complex. The excited-state energy
of a similar ReCO complex, Re(CO)3Cl(bpy-COOEt) (bpy-
COOEt) 2,2′-bipyridine-4,4′-diethylester), is estimated to be
about -0.35 eV (vs SSCE) from the band origin of 14 300
cm-1,39 which was estimated from the overlap of the absorption
and emission spectra and the ground-state reduction potential
of 1.42 V.39 We have assumed the same energetics for our ReCO
complex. The relaxed excited state may not be able to inject
electrons into TiO2. However, upon absorption of a 400-nm
photon, the Franck-Condon state that is populated has an
energy that is 3.1 eV higher than that of the ground state or a
redox potential of-1.68 V (vs SSCE). At this energy, which
is above the conduction band edge of TiO2 [at about-0.5 V
(vs SSCE)],4 the Franck-Condon state can inject an electron
into TiO2 if the electron injection can compete with the excited-
state relaxation process. Electron injection from a vibrationally
hot state to TiO2 was suggested in previous studies of RuN3-
sensitized TiO2.12,15

To further confirm the source of the broad absorption, we
compared the transient absorption signal in ReCO-sensitized

3M* + 3M* f 1M* + 1M (1)
3M* + 3M* f 3M** + 1M (2)
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TiO2 with those from two blank samples, from ReCO on a ZrO2

film, and from the naked TiO2 film, at several frequencies
removed from the ground- and excited-state vibrational features
of ReCO. Figure 7a shows a comparison of ReCO on the TiO2

film with the two blank samples at 2115 cm-1. There appears
to be negligible transient absorption resulting from ReCO on
the ZrO2 film. In addition, the naked TiO2 film only contributes
a small signal. The signal from direct excitation of the TiO2

film should be even smaller in the sensitized films because the
absorption of ReCO onto the film reduces the number of pump
photons that can be absorbed directly by TiO2.

Figure 7b shows the normalized kinetics at 2115 cm-1

compared to the instrument response function measured in a
thin silicon wafer, which represents an instantaneous rise. For
comparison, a function representing a convolution of the
instrument response function with a 100-fs exponential rise is
also shown in Figure 7b. From this comparison, the rise time
appears to be less than 100 fs. Because the relaxed excited state
lies below the conduction band edge, electron injection must
occur prior to or in competition with the excited-state relaxation.
Therefore, the rise time of the electron signal depends on both
the electron-transfer rate and the excited-state relaxation rate.
Although we cannot obtain the electron-injection time directly,
the fact that electron injection occurs suggests that the injection
rate is comparable to the vibrational relaxation time in the
excited state. A detailed analysis of the competition of electron
injection and relaxation and the effect on electron-absorption
rise kinetics and quantum yield will be presented in future
publications. The electron-injection time of a similar complex,
RuN3, has been observed to occur on a similar ultrafast time
scale by many groups.10-13,15,17 Although the reason for the
ultrafast electron injection is unclear in RuN3 and in ReCO,
both complexes share a MLCT transition8,39,40 to the dcbpy
ligand, which is bound strongly to the TiO2 surface through
the anchoring carboxylic acid groups.59 It has been reasoned
that the MLCT transition promotes an electron to theπ* orbital
of the dcbpy ligand, which is in intimate contact with the TiO2

surface. The favorable mixing of the accepting states of the TiO2

surface and the donating state of the dcbpy ligand results in
ultrafast electron injection.

Adsorbate Vibrational Spectra.In addition to the dominating
broad absorption signal from the injected electrons, vibrational
features of the adsorbate molecules can also be observed in the
transient spectra. The ground-state bleach peak at 2040 cm-1

corresponds well with the ground-state peaks shown in the static
FTIR spectrum. The transient absorption spectrum of ReCO on
the ZrO2 film at 831 ps was also included in Figure 6 to facilitate
assignment of the excited-state absorption peaks. This spectrum
has been red shifted to match the ground-state absorption bands
of the complex on TiO2. From the comparison, the band at
around 2070 cm-1 can be assigned to the excited-state absorp-
tion. In addition, the new peak at about 2095 cm-1 can be
assigned to the high-frequency CO stretching band of the
oxidized form of the ReCO complex, as this peak is not present
in the spectra of the complex on the ZrO2 film, a noninjecting
substrate. When an electron is injected from theπ* orbital of
the dcbpy ligand into the TiO2 film, a small decrease in the
electron density around the metal center is expected because of
the mixing of theπ* orbital of dcbpy and the metal d orbitals.
As a result, the oxidized ReCO should have a CO stretching
frequency further blue-shifted relative to that in the MLCT
excited state.

As shown in Figure 6, a large percentage of the molecules
are still in the excited state in the time range of 500-1000 ps,

as indicated by the absorption peak at 2070 cm-1, a time scale
that is much longer than the<100-fs electron-injection time.
This fact indicates that the quantum yield for electron injection
from the complex into the TiO2 film is not unity and that
electron injection does not occur from the relaxed excited state.
This result again suggests that electron injection may have
occurred from a vibrationally hot state. Future measurements
with much improved signal-to-noise levels may lead to an
accurate determination of the dynamics of the excited state and
of oxidized ReCO. By comparing these dynamics with those
of electron absorption inside the nanoparticle, we hope to gain
a detailed understanding of the injection process.

The ground-state bleach recovery of ReCO on TiO2 was
obtained by subtracting the dynamics observed at the bleach-
peak frequency, 2040 cm-1, from the dynamics observed far
from the bleach peak, at 2115 cm-1, as shown in Figure 8a.
We assume that the dynamics at 2115 cm-1 are free of
interference from any vibrational features of ReCO in its ground-
state, excited-state, or oxidized forms. As shown in Figure 8b,
the subtracted kinetics at 2040 cm-1, representing the bleach
recovery, show a small (23%) fast-recovery component with a
time constant of 100 ps. There are several possible explanations
for the fast bleach recovery. Given the fact that we have
observed excited-state quenching of the ReCO complex on a
ZrO2 film, the quenching mechanism may be the most plausible
explanation. One would expect a corresponding fast component
in the excited-state decay kinetics. Unfortunately, the signal-
to-noise level of the excited-state decay kinetics at 2070 cm-1

is not sufficient to clearly prove or disprove this notion. Another
possibility is that we are observing back electron transfer from
the TiO2 film to the Re center of the oxidized ReCO, which
would re-form the ground state. However, this explanation is
less plausible because of the extremely slow back electron
transfer measured in RuN3-sensitized TiO2.17,29 In RuN3, the
bipyridine ligand may serve both as a bridge to facilitate electron
transfer in the excited state and as a barrier to inhibit back
electron transfer to the oxidized metal center. Because of the
similarities in the structure and probable binding geometry of
these two complexes, we expect that ReCO will exhibit similarly
slow back electron transfer from the TiO2 film to the oxidized
Re center.

5. Summary

We have directly observed the excited-state dynamics of Re-
(CO)3Cl(dcbpy) in DMF solution and on the surface of
nanocrystalline ZrO2 and TiO2 thin films. For Re(CO)3Cl(dcbpy)
in DMF solution, a long-lived excited state with a lifetime of
>1 ns was observed after 400-nm excitation of the1MLCT band.
In this excited state, which is assigned to the3MLCT state, the
CO stretching bands are blue-shifted compared to their corre-
sponding ground-state absorption peaks. These excited-state
bands fully developed after 12 ps as a result of vibrational
relaxation and/or solvation. On the surface of the ZrO2 thin film,
a similar 3MLCT excited state was observed, although the
magnitudes of the blue shifts in CO stretching frequencies were
much smaller. The large difference in the frequency shifts is
attributed to the lack of solvation of the MLCT state for Re-
(CO)3Cl(dcbpy) on the ZrO2 film. This notion appears to be
supported by the slower rate for the excited-state spectral shift
for Re(CO)3Cl(dcbpy) in solution. The lifetime of the3MLCT
for ReCO on ZrO2 was found to be much shorter than that for
the molecule in solution. The excited-state lifetime decreased
with increasing excitation power, suggesting that there is
significant quenching between excited-state molecules that are
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in proximity in the film. For Re(CO)3Cl(dcbpy)-sensitized TiO2
nanocrystalline thin films, a broad IR absorption of injected
electrons was observed after 400-nm excitation. The rise time
of the electron absorption signal was estimated to be in the
<100-fs time range. In addition, the CO stretching modes of
the adsorbate in the ground state, the excited state, and the
oxidized form were observed. The Re(CO)3Cl(dcbpy) complex
may serve as a model complex for the Ru polypyridyl complexes
that have shown great potential as efficient sensitizers for solar
cells based on TiO2 nanocrystalline thin film electrodes. The
strong CO stretching bands will allow us to monitor the
dynamics of the adsorbate, in addition to monitoring the injected
electrons, to learn more about the detailed mechanism of electron
injection. Experiments toward this goal are ongoing.
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